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Thermally-driven spin torques in layered magnetic insulators
Scott A. Bender and Yaroslav Tserkovnyak
Department of Physics and Astronomy, University of California, Los Angeles, California 90095, USA
Thermally-driven spin-transfer torques have recently been reported in electrically insulating
ferromagnet|normal-metal heterostructures. In this paper, we propose two physically distinct mech-
anisms for such torques. The first is a local effect: out-of-equilibrium, thermally-activated magnons
in the ferromagnet, driven by a spin Seebeck effect, exert a torque on the magnetization via magnon-
magnon scattering with coherent dynamics. The second is a nonlocal effect which requires an addi-
tional magnetic layer to provide the symmetry breaking necessary to realize a thermal torque. The
simplest structure in which to induce a nonlocal thermal torque is a spin valve composed of two
insulating magnets separated by a normal metal spacer; there, a thermal flux generates a pure spin
current through the spin valve, which results in a torque when the magnetizations of the layers are
misaligned.
PACS numbers: 72.25.Mk, 72.25.Rb, 72.20Pa, 75.76+j
I. INTRODUCTION
The growing field of spin caloritronics1 complements
the electrical control of spin current with a new experi-
mental bias: temperature gradient. In contrast to electri-
cal biasing, which couples to the electron charge, trans-
port by the application of a thermal flux is possible for
neutral carriers. If, for example, a temperature gradi-
ent is applied to a magnetic insulator, a net flow of an-
gular momentum, carried by thermally-activated spin-
wave excitations, results.2 When integrated into larger
structures, magnonically-active elements open the pos-
sibility of new effects and devices based on thermally-
driven transport.3
One such effect is that of a thermal spin-transfer
torque at a normal-metal|insulating ferromagnet inter-
face, which has been recently observed4,5 via the modu-
lation of ferromagnetic resonance linewidth. Thermally-
driven magnetic dynamics were first predicted6–8 and
reported9 for conducting ferromagnetic layers, where the
spin-transfer torque can be provided by spin-polarized
electric current injected into the magnetic layer by an
interfacial spin-dependent Seebeck effect.10 In contrast,
for an insulating ferromagnetic layer, spin-transfer torque
can arise only from a thermally-driven pure spin current
mediated by ferromagnetic magnons. A general frame-
work, describing the interplay between magnon transport
and the ferromagnetic order-parameter dynamics, how-
ever, has been lacking.
In this paper, we provide an account of the physics
of thermal magnon-mediated spin-transfer torques aris-
ing in normal-metal (N)|insulating-ferromagnet (F) het-
erostructures, building on the formalism developed in
our previous works.11,12 In Sec. II, we construct a local
mechanism, which utilizes SU(2) symmetry breaking of
an anisotropic F to couple thermally-activated magnons
to the spin-density order parameter. In conjunction with
the spin Seebeck effect, this engenders a thermally-driven
torque in F. In Sec. III, we investigate a nonlocal mech-
anism, where the SU(2) symmetry is structurally bro-
ken. The simplest example of this is an F|N|F trilayer, in
contact with normal-metal leads that serve as reservoirs
of angular momentum. A thermomagnonic flux passing
through the ferromagnetic components results in a spin
accumulation in the normal-metal spacer, which exerts a
torque on the ferromagnetic layers, in close analogy with
a traditional electronic spin valve. For both mechanisms,
we obtain the change in magnetic damping in linear re-
sponse to a temperature gradient and consider magnetic
dynamics induced beyond linear response.
II. LOCAL MECHANISM
For illustrative purposes, we discuss the local mecha-
nism for thermal spin-transfer torque in the simplest pos-
sible structure: an N|F bilayer. A spin current entering
F (assumed to form a single domain) through the N|F in-
terface is comprised of two orthogonal, physically distinct
components. The first is the spin current collinear with
the spin density order parameter unit vector n, with n
taken to be spatially uniform in the thin film limit; phys-
ically, this current arises from thermal fluctuations, and
on the F side is transported by magnons. The second cur-
rent, which is orthogonal to n and linear in n×µ′ (where
µ′ is the spin accumulation in N along the interface) and
n˙, gives rise to the spin-transfer torque on n.13 In the
presence of a temperature gradient across the N|F inter-
face, a spin current of the first kind flows, which results in
the buildup of a thermally induced spin accumulation in
N along the interface. Crucially, this spin accumulation
is collinear with the order parameter n, and therefore
cannot produce a spin-transfer torque on n. In contrast
to the claim of Ref. 5, a temperature gradient maintained
across an N|F interface cannot exert a spin torque on F
in the absence of SU(2) symmetry breaking.
A thermal spin torque on n in an N|F structure (Fig. 1)
therefore requires SU(2) symmetry breaking by the F
layer itself. In the simplest case, which we consider here,
this is provided by local uniaxial anisotropy. The ferro-
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FIG. 1. a.) Schematic for the N|F bilayer. An interfacial
temperature drop δT drives spin current into F, which is ab-
sorbed by the magnons. b.) Magnon scattering processes,
opened when the spin density order parameter n is misaligned
with the F broken-symmetry axis z. The annihilation of one
finite k (thermal) magnon and the corresponding creation of
two robs n of ~ of angular momentum in the z direction, re-
sulting in a damping torque; the inverse process generates an
antidamping torque. Wavy lines represent ϕˆ magnons, while
straight, Φ magnons.
magnetic Hamiltonian is:
Hˆ =
∫
d3x
(
− A
2s
sˆ · ∇2sˆ+Hsˆz + K
2s
sˆ2z
)
. (1)
Here, A is the exchange stiffness, s is the saturation spin
density (in units of ~) and K is the anisotropy constant
(in units of energy), which is easy plane when K > 0
and easy axis when K < 0. The spin density operator
sˆ consists of a coherent piece 〈sˆ〉 = s˜n around which
the spin density fluctuates incoherently: δsˆ = sˆ − 〈sˆ〉.
These fluctuations are composed of magnons, which re-
duce the effective spin density to s˜ = s(1− nx/s), where
nx is the thermal magnon density. The anisotropy cou-
ples the thermal cloud and n, allowing for an exchange
of angular momentum between the two via the scatter-
ing of thermal magnons. The local mechanism for the
thermally-driven torque works as follows: When a tem-
perature gradient is applied across the N|F interface, an-
gular momentum is driven into the normal cloud by the
spin Seebeck effect. The out-of-equilibrium cloud relaxes
the excess angular momentum to the order parameter via
this coupling, thereby exerting a torque on n.
1. Scattering
Using the Holstein-Primakoff transformation, the spin
density may be mapped to boson field operators Φˆ(x)
and Φˆ†(x):14
sˆz = Φˆ
†Φˆ− s , sˆ−(x) =
√
2s− Φˆ†ΦˆΦˆ , (2)
where sˆ± = sˆx ± isˆy and [Φˆ(x), Φˆ†(x′)] = δ(x− x′). It is
convenient to decompose Φˆ into Φ = 〈Φˆ〉, corresponding
to a coherent condensate magnon, and ϕˆ, which describes
fluctuations around Φ:
Φˆ(x) = Φ + ϕˆ(x) . (3)
The quanta of ϕˆ are incoherent magnons, each of which
carry angular momentum −~n ≈ ~z; for our purposes,
these magnons are thermally activated, so that the ther-
mal magnon cloud density is given by nx = 〈ϕˆ†ϕˆ〉. Writ-
ing Φ ≡ √nce−iφ, which plays the role of the conden-
sate wave function, the total average angular momentum
in the z direction becomes: ~〈sˆz〉 = ~(nx + nc) − ~s.
Using Eq. (2) to compute the remaining components of
〈sˆ〉 = s˜n, one identifies φ as the azimuthal angle between
n and the x axis; we assume that nc + nx  s, so that
the condensate density nc, which parametrizes the mis-
alignment of n with −z, can be written as nc ≈ (s˜/2)θ2,
with θ as the polar angle between them (see Fig. 1).
Expanding Eq. (2) in Φˆ†Φˆ/s and inserting Eq. (3)
generates terms of various powers of ϕˆ and Φ, which
divide into two classes: ϕˆ magnon number conserving,
and nonconserving. In the absence of driving, the for-
mer terms relax the thermal magnon distribution fk ≡
〈ϕˆ†kϕˆk〉 (with ϕˆk =
∫
d3xeik·xϕˆ/
√
V and V as the vol-
ume of F) towards a Bose-Einstein profile: fBE(k) =
1/[eβ(k−µ) + 1] with a well-defined magnon temperature
T = 1/β (in units of energy) and chemical potential µ.
The magnon spectrum k = Ak
2 + U is shifted by the
Hartree-Fock mean-field potential U = ~Ω + 2Knc/s,
where ~Ω = H − K(1 − 2nx/s). The relaxation time
associated with these processes depends on both the ex-
change and anisotropy terms in Eq. (1). Focusing on high
temperatures (T  ~Ω), the exchange mechanism domi-
nates, and the relaxation time is fast;11 we shall therefore
suppose that the thermal magnon cloud is parametrized
by T and µ, even in the presence of driving. In addition,
in equilibrium Gilbert damping establishes µ = 0, while
inelastic spin-preserving magnon-phonon scattering fixes
the magnon temperature to that of the phonons. Be-
cause the former type of magnon-lattice interaction re-
lies on spin-orbit coupling, it is generally weaker than the
latter; in this spirit, we shall suppose that the magnon
temperature always remains pinned to that of the phonon
temperature, while µ may be driven from its equilibrium
value.
The spin torque on n arises from terms in Hˆ that break
ϕˆ magnon number conservation. The exchange interac-
tion, which is independent of n by SU(2) symmetry, does
not contribute. However, when n is misaligned with the
z axis, anisotropy generates a contribution to Hˆ,
Hˆcx(n) = (K/s)Φ∗
∫
d3xϕˆ†(x)ϕˆ(x)ϕˆ(x) +H.c. , (4)
opening a magnon scattering channel that redistributes
z angular momentum between the thermal cloud and
order parameter: two ϕˆ magnons are annihilated (cre-
ated), creating (annihilating) one φˆ magnon and one Φ
magnon. Because the total z-angular momentum carried
3by the spin density is conserved by rotational symmetry,
the corresponding loss (gain) of ~z angular momentum
by the thermal magnon cloud is compensated by the ab-
sorption (emission) of angular momentum by Φ, which
is translated as an antidamping (damping) spin torque
on n. The resulting scattering rate at which angular mo-
mentum is transferred between the thermal cloud and the
order parameter is obtained by Fermi’s Golden Rule and
given by:15
Γ = 2αcx (~ω − µ)nc = ~n˙x|cx = − ~n˙c|cx . (5)
Here, fi = fBE(ki), ~ω ≡ ~Ω+Knc/s is the precessional
frequency of n around −z, and αcx is given by:
αcx =
(K/s)2
T (2pi)5
∫
d3k1
∫
d3k2
∫
d3k3δ (k1 − k2 − k3)
(6)
× δ (~ω + k1 − k2 − k3) (1 + f1) f2f3 .
which can be written as: αcx = α¯cxI, where α¯cx ≡
(T/Tc)
3(K/T )2, Tc = As
2/3 approximates the Curie tem-
perature, and I is a dimensionless integral that depends
on (µ − U)/T and ~ω/T . According to Eq. (5), when
µ = ~ω, the thermal cloud and order parameter are in
equilibrium, corresponding to an entropic maximum of
the closed magnetic subsystem of F.
2. Driven magnetic dynamics
At zero temperature, the thermal cloud is absent, and
the dynamics of the order parameter of F are described
by the Landau-Lifshitz-Gilbert phenomenology:
(1 +αn×)~n˙+n×H = (α′i +α′rn×)(µ′×n− ~n˙) , (7)
where H = (H + Kz · n)z is comprised of the applied
field H and the anisotropy field Kz · n, and α is the
bulk Gilbert damping of F, describing the flow of an-
gular momentum from n to the lattice. The quantities
α′r and α
′
i describe angular momentum transfer with the
normal metal N and are the real and imaginary parts
of g↑↓/4pisdF , where g↑↓ is the spin-mixing conductance
at the interface and dF is the thickness of F. In gen-
eral, the spin accumulation µ′ must be self-consistently
determined by complementing magnetic dynamics with
a treatment of spin transport in N; we shall circumvent
this inessential complication by taking N to be a good
spin sink, so that the spin accumulation is electrically
tunable (by e.g. the spin Hall effect) independently of
the temperature gradient16 and chosen to be along the
z-axis: µ′ = µ′z. Provided H −K > 0, the equilibrium
(µ′ = 0) solution to Eq. (7) is n = −z.
At finite temperatures, the scattering by the thermal
cloud of magnons modifies the order parameter dynam-
ics, and the coefficients α′r and α
′
i acquire temperature
dependent corrections ∼ nx/s. The temperature depen-
dent magnon gap ~Ω must be positive (which we will
assume through the remainder of Sec. II) for n = −z
(nc = 0) to be a stable equilibrium in the absence of
driving. Here, it is convenient to recast Eq. (7) as a
rate equation for nc, to which the scattering rate Γ is
phenomenologically added; denoting α′r = α
′, and ne-
glecting higher order terms in the α’s, one has, for small
angle dynamics (θ  1):
~n˙c = 2α′µ′nc − 2(α+ α′)~ωnc − Γ , (8)
where the first two terms on the right-hand side follow
from Eq. (7), while Γ is given by Eq. (5). Eq. (8) can
be recast back as a finite-temperature Landau-Lifshitz-
Gilbert equation (valid for small angle dynamics):
(1 + αn×)~n˙+ n× H˜ = α′n× (µ′ × n− ~n˙) + τ l , (9)
which is one of the central results of this paper. Here,
τ l = αcxn × (µ × n − ~n˙) is the local spin torque, with
µ = µz, and H˜ = [~Ω +K(1 + z · n)]z.
Complementing the dynamics of the order parameter,
Eq. (8), is that of thermal cloud. In response to a spin
accumulation µ′ and/or a temperature gradient, angular
momentum in the −n direction is driven into (out of) F
and absorbed (emitted) by the thermal cloud, creating
an out-of-equilibrium chemical potential µ > 0 (< 0).
For fixed magnon temperature, the rate of change of the
chemical potential resulting from these biases may be
obtained from the total rate equation for the thermal-
cloud density:
~n˙x = µ˙∂µnx = j‖/dF − gµ/dF + Γ . (10)
In the first term on the right-hand side, j‖ is the cur-
rent injected from N across the interface, which in linear
response is given by:
j‖ = g′(µ′ − µ) + S ′δT . (11)
The quantities12 g′ ∼ g↑↓(T/Tc)3/2 and S ′ ∼ g′ are the
temperature-dependent interfacial magnon conductance
and spin Seebeck coefficients, which are both propor-
tional to g↑↓; δT = T ′ − T is the difference between
the electron temperature T ′ and magnon temperature
T . The second term on the right-hand side of Eq. (10),
parametrized by g ∼ α, describes the Gilbert damping
of thermal-cloud angular momentum into the F lattice,
which, in the absence of driving by N relaxes µ to zero.
Together, Eqs. (8) and (10) form a closed set of coupled
equations for the condensate density nc and the thermal
cloud chemical potential µ. Separating the “fast” dynam-
ics of the thermal magnons from the “slow” dynamics of
the order parameter, we solve Eq. (10) for the magnon
steady-state condition n˙x = 0 to obtain a chemical po-
tential µ = (S ′δT+g′µ′+2αcxnc~ωdF )/(g+g′+2dFαnc).
3. Ferromagnetic resonance linewidth
Focusing on behavior near equilibrium (µ′ = δT =
µ = nc = 0), Eq. (8) may be written as ~n˙c =
42αtot~ωnc, where αtot = α + α′ + αcx − (α′µ′ +
αcxµ)/~ω is the total damping of n, and αcx is eval-
uated in equilibrium (µ = nc = 0). To lowest or-
der in nc, µ = (S ′δT + g′µ′)/(g + g′), which when in-
serted into Eq. (8) yields αtot = α + α
′ + αcx + ∆αµ′ +
∆αT , governing the relaxation of nc. The contribution
∆αµ′ = − [α′ + αcx/(1 + g/g′)] (µ′/~Ω) consists of the
zero-temperature term ∝ α′ and the thermal enhance-
ment ∝ αcx. The change in damping resulting from a
temperature gradient,
∆αT = −αcx S
′
g + g′
δT
~Ω
, (12)
is due to the thermal magnons in its entirety and is one of
the central results of this paper. Both ∆αµ′ and ∆αT can
be deduced from ferromagnetic resonance measurements.
4. DC-pumped magnon condensates
Finite-angle dynamics of n may be excited upon
the application of a sufficiently large spin accumula-
tion and/or temperature gradient. This was the sub-
ject of Ref. 11, in the limit in which the condensate
and cloud are strongly coupled (αcx → ∞). There,
when F is in normal phase (nc = 0), µ < ~Ω is de-
termined from the steady state condition n˙x = 0, as
in Sec. II 3; when F is in condensate phase (nc > 0),
the Bose-Einstein gas of thermal magnons becomes satu-
rated (µ = ~Ω), and nc is determined from the steady
state condition n˙c = 0. Together, Eqs. (8) and (10)
represent a generalization of Ref. 11 to finite cloud-
condensate coupling, with the structure of the phase dia-
gram determined by the steady-state solutions for µ and
nc to the joint condition n˙c = n˙x = 0. In the strong
condensate-cloud coupling regime (αcx  α, α′), the
phase diagram of Ref. 11 is reproduced. More generally,
the cloud chemical potential must overcome a threshold
µc = [1 + (α+ α
′)/αcx] ~Ω− α′µ′/αcx in order to realize
a steady-state condensate; thus, the cloud may become
oversaturated, with µ > ~Ω,17 but damping by the lat-
tice and N relaxes angular momentum of the condensate
more quickly than it is replenished by cloud-condensate
scattering when µ < µc, so that F remains in normal
phase. The corresponding phase diagram is shown in
Fig. 2, with the terminology borrowed from Ref. 11.
III. NONLOCAL MECHANISM
The second mechanism for thermal spin-transfer
torque relies on the presence of an additional ferromag-
netic layer to provide the SU(2) symmetry breaking re-
quired to realize a torque on n. Let us now consider the
simplest such structure: a spin valve, composed of two
ferromagnet layers (one free and one fixed) separated by a
normal metal spacer, as depicted in Fig. 3. In a conduct-
ing spin valve, electrical or thermal biasing generates a
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FIG. 2. Phase diagram for F|N bilayer corresponding to the
stable solutions to the coupled Eqs. (8) and (10), demonstrat-
ing normal phase, Bose-Einstein condensation (BEC) and
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′/2, K = ~Ω, T = 102~Ω and s(A/~Ω)3/2 =
104. When µ > ~Ω (below the phase transition), the thermal
cloud is oversaturated. (See Ref. 11).
two channel spin current,8,18 carried by electrons parallel
and antiparallel to the order parameter in the magnetic
layers, which exerts a torque on the free layer.
In our electrically insulating structure, thermal biasing
(applied perpendicularly to plane) generates a pure spin
current that is single channel, carried through the fer-
romagnetic layers by magnons; this current results in a
nonlocal torque on the free magnetic layer order param-
eter n as a consequence of the misalignment of the free
and fixed layers. Slonczewski19 has proposed a similar
scheme. There, a heat current is converted into a spin
current via a ferrite layer, which is coupled to a para-
magnetic monolayer by superexchange; spin current is
subsequently transferred to the conduction electrons of
a spacer and ultimately to a free magnet. In contrast,
our proposal relates the thermal spin-flux directly to the
spin-mixing conductance, a readily measurable quantity,
circumventing the need for a paramagnetic monolayer.
The spin valve we consider is a five layer structure (N-
lead|free-F|N-spacer|fixed-F|N-lead), the mirror symme-
try of which is broken by the fact that the pinned layer
is fixed (e.g. by exchange biasing) with spin density ori-
ented in the −z direction. For simplicity, we assume all
of the transport coefficients for the free and fixed layers
to be identical. In equilibrium, the free layer is oriented
either parallel or antiparallel to fixed layer. In order to
maximize the efficiency of spin transport across the struc-
ture, let us assume that the thickness dF of each of the
(monodomain) ferromagnet layers is much shorter than
the thermal magnon diffusion length. Likewise, we take
the normal-metal spacer thickness ds to be much shorter
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FIG. 3. Thermally-biased spin valve. A heat flux drives spin
accumulation µ′ (in the plane defined by n and z) into the
normal metal spacer. When free layer spin density is mis-
aligned with the z axis, µ′ is no longer collinear with n, and
the component of µ′ perpendicular to n provides a torque.
than the electronic spin diffusion length therein, which
may be accomplished by using a poor spin sink (e.g. Cu).
In contrast, let us for simplicity assume that the normal-
metal leads attached to the ferromagnets are excellent
spin sinks, such as Pt, so that no spin accumulates inside
them. Spin transport between the magnetic layers and
the spacer (s) is parametrized by the spin-mixing con-
ductance g↑↓s , and between F and the leads (l) by g
↑↓
l .
In response to a temperature gradient applied across
the structure, a spin current of magnons flows through
the magnetic layers, resulting in a spin accumulation µ′
in the normal metal spacer. By symmetry, when the
magnetic moments of the two ferromagnetic layers are
parallel, µ′ vanishes; for all other orientations, µ′ builds
up in the plane defined by n (the free layer spin density
order parameter) and z (the fixed layer). When the two
magnetic layers are misaligned, the spin accumulation ex-
erts a damping-like nonlocal torque τnl = −α′sn×n×µ′
on the free layer (with α′s = <g↑↓s /4pisdF as the effec-
tive Gilbert damping coefficient due to contact with the
spacer).
Following the approach of Sec. II of separating order
parameter and magnonic timescales and focusing on the
latter, we have the magnon spin current density ji into
ferromagnetic layer Fi, for a fixed orientation of n, is
(with i = 1 as the free layer and i = 2 the fixed layer):
~n˙idF = ji = jl→i + js→i + j˜i , (13)
where ni is the thermal cloud magnon density in layer i,
jl→i = −g′lµi−(−1)iS ′lδT is the current entering Fi from
the lead, js→i = −g′s(µi +ni ·µ) + (−1)iS ′sδT is the spin
current entering Fi from the spacer, j˜i = −gµi the spin
current lost to Gilbert damping of thermal magnons, µi
is the thermal magnon chemical potential in each fer-
romagnet, n1 = n and n2 = −z. The quantities g′l
and g′s are the magnon conductances of the interfaces
of Fi with the leads (l) and spacer (s), respectively, and
S ′l and S ′s are the spin Seebeck coefficients of the inter-
faces of F with the leads and spacer. While a thorough
treatment of spin transport involves a detailed account
of how magnon, phonon and electron temperature pro-
files are established throughout the structure, we have
assumed, for our proof-of-principle calculation, that the
electron/magnon temperature difference δT is the same
across all interfaces (see Fig. 3). The rate of change of
the spin density ρ = DFµ(~/2) (with DF as the Fermi
surface density of states) inside the spacer is:
ρ˙ds = (−n)j1→s + zj2→s , (14)
with ji→s = −js→i. In a steady state of magnon flux,
we require n˙1, n˙2 and ρ˙ to vanish, which, employing
Eqs. (13) and (14), yields a closed set of five equations for
µ1, µ2 and µ
′. Solving for the latter and inserting into
τnl = −α′sn× n× µ′ yields the thermally-driven torque
on n.
In order to characterize linear response and magnetic
dynamics, it suffices to find τnl near the parallel config-
uration of the free and fixed layers (n = −z) and the
antiparallel configuration (n = z). Near the parallel con-
figuration, we obtain
τnl ≈ σpδTn× n× z , (15)
where
σp = α
′
s
(g + g′l)S ′s + g′sS ′l
2g′s(g + g′s + g′l)
; (16)
near the antiparallel configuration,
τnl ≈ σapδTn× n× z (17)
where
σap =
α′s
2
(S ′s
g′s
+
S ′l
g + g′l
)
. (18)
The dynamics of the free layer are captured by the
LLG equation:
(1 + αn×)~n˙+ n×H = −~(α′l + α′s)n× n˙+ τnl , (19)
where we’ve assumed τ l  τnl so that the local torque
is neglected. In order to characterize the small angle
dynamics of the free layer near the poles n = ±z, we
parametrize n by spherical coordinates as above and ex-
pand Eq. (19) in θ, neglecting for simplicity the local
torque τ l. Near the parallel configuration (θ = 0), we ob-
tain an equation of motion ~θ˙ ≈ −pθ, where p = αp~Ω,
with αp = α
′
l + α
′
s + α+ ∆αp as the total damping and
∆αp = σpδT/~Ω , (20)
as the change in damping near the parallel configuration
resulting from the δT . Near the antiparallel configuration
(θ = pi), ~θ˙ ≈ ap(pi − θ), where ap = αap~Ω˜, with
~Ω˜ = H+K(1−2nx/s) as the magnon gap there, αap =
α′l + α
′
s + α+ ∆αap as the total damping, and
∆αap = −σapδT/~Ω˜ (21)
as the change in damping near the antiparallel configu-
ration.
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FIG. 4. Phase diagrams for the free layer in the spin valve
for constant K(< 0) and constant H(> 0), showing parallel
(P), antiparallel (AP), bistable (BS) and spin-torque oscilla-
tor (STO) phases.
Beyond linear response, the spin valve can be driven
into different phases, the boundaries of which are de-
fined by the planes p = 0 and ap = 0 in H − K − δT
space. When both p and ap are positive, the free layer
is bistable. When p is positive (negative) and ap is
negative (positive), the free layer is stabilized in the −z
(+z direction). Last, when both p and ap are negative,
the dynamics stabilize to a limit cycle with 0 < θ < pi,
i.e. the magnet is a spin-torque oscillator. The resulting
phase diagram is show in Fig. 4.
IV. CONCLUSION
We have shown how both local and nonlocal thermally-
driven spin torques τ l and τnl may arise in magnet/metal
heterostructures, which modify the magnetic dynamics
[Eqs. (9) and (19)]. In linear response, these torques
manifest in both the bilayer and spin valve as changes
in the damping [Eqs. (12), (20) and (21)]; at a threshold
bias for each structure, the net effective damping reverses
its sign, resulting in finite-angle dynamics. For the case
of the spin valve, the change in the damping of the free
layer, near either orientation, goes as ∆α ∼ α′sδT/~Ω.
When F is sufficiently thin, α′s becomes comparable to
α, so that a temperature difference δT ∼ ~Ω results in
a change in damping ∆α that can overcome the intrinsic
Gilbert damping; taking α ∼ 10−4 and using yttrium-
iron-garnet (YIG) magnetic layers with platinum leads,
this is the case when the thickness of F is less than ∼100
nm. For an F|N bilayer, which relies on the local mecha-
nism, assuming again that α′ > α, the change in damping
goes as ∼ αcxδT/~Ω. Supposing that K ≈ 4piM2s /s cor-
responds to shape anisotropy, and using YIG parameters
(with Ms ≈ 150 emu/cm3 as the saturation magnetiza-
tion), one arrives at α¯cx ≈ 10−6, which may be further
enhanced by the factor I.
Our model makes several assumptions. First, we rely
on strong magnon-magnon scattering to thermalize the
cloud of incoherent magnons to a Bose-Einstein profile.
At low temperatures and high driving, the magnons may
no longer be parametrizable by a local chemical poten-
tial and temperature. Additionally, implicit in our treat-
ment is the assumption of strong inelastic spin-preserving
magnon-phonon coupling that fixes the magnon temper-
ature to that of the phonons, which is taken to increase
in a steplike fashion across the structure. If the magnon-
phonon coupling is not sufficiently strong, the magnon
temperature profile must be determined from an appro-
priate theory for the magnon heat transport. Likewise,
in order to make quantitative experimental predictions,
a more detailed account of how heating in the normal
metals establishes a phononic temperature profile across
the structure is necessary. We have exploited the sepa-
ration of magnonic and order-parameter dynamical time
scales, which may need to be examined more carefully in
practice. Last, the scattering rate coefficient αcx depends
sensitively on the low-energy magnon spectrum and in-
elastic scattering that may not be sufficiently strong to
achieve full thermalization; further work is warranted to
address the problem of the magnon equilibration at the
bottom of the magnon band, for a given material under
consideration. Future efforts may also apply and extend
our approach to the problem of thermal spin torques to
new structures, e.g., more complex multilayers, superlat-
tices, and antiferromagnets.
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